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Significance
• Lean body mass and sex hormone binding globulin are beneficially associated with tibial cartilage volume in young adults.
• Fat mass and inflammatory markers such as fibrinogen are detrimentally associated with tibial cartilage volume in young adults.
• The sex difference in cartilage volume is contributed largely by variations in body composition and fibrinogen levels.
• Factors including body composition, sex hormones and fibrinogen correlate with knee cartilage volume in young adult life.
Introduction
Osteoarthritis (OA) is the most common joint disorder and the most common cause of disability in adults around the world, characterized by changes in whole joint structure including a decrease in cartilage volume. Magnetic resonance imaging (MRI) has greatly improved research in OA because of the clear visualization of whole joint structures and the ability to manipulate the MR images to generate quantitative data on cartilage such as cartilage volume (1) .
Knee cartilage volume has been used as a sensitive, accurate and reproducible outcome measure for knee OA and it is greater in males than females (2, 3) , and in lateral compartment than medial compartment (3) . Given the fact that knee OA is 1.5 times more common in women than in men (4) and 4 times more common in the medial compared with the lateral compartment, low cartilage volume may be a risk factor for knee OA (5).
The associations of body composition (6) (7) (8) , inflammatory (9, 10) and hormonal factors (11) with knee cartilage volume have been explored; however, these have been done mostly in middle-aged and older populations. It is unknown if the factors that influence cartilage volume in younger adults are same as those in older adults. We reported that in older adults, lean mass was positively and fat mass was negatively associated with knee cartilage volume loss (8) . Only one study has examined the associations between body composition and cartilage volume in younger adults, but it included a wide range of age from 25-60 (6) . It reported that the skeletal muscle mass rather than fat mass was positively associated with knee cartilage volume.
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Inflammation can play a role in OA (12) . We have reported that in older adults, circulating levels of IL-6 and TNF-alpha were associated with knee cartilage loss (10) . Furthermore, C reactive protein (CRP), a systemic marker of inflammation, was found to be negatively associated with knee cartilage volume in midlife women (9) .
There is no data regarding the association of inflammatory factors such as CRP and fibrinogen with knee cartilage volume in younger adults.
The role of sex hormones in knee OA is still controversial. A systematic review that examined the association between OA and aspects of the fertile and menopause periods concluded that there were no or conflicting associations between female hormones and OA (13) . There were very few studies that examined the association between sex hormones and MRI-assessed knee structures (14) , and to the best of our knowledge, there are no studies that have reported this association in younger adults so far. The aims of this study were to describe the associations between body composition, hormonal and inflammatory factors and tibial cartilage volume and to explore if these factors contribute to sex difference in tibial cartilage volume in young adults.
Materials and methods

Subjects
The 
Anthropometric measurements
Weight was measured to the nearest 0.1 kg in CDAH study as well as in CDAH Knee
Cartilage study with shoes, socks, and bulky clothing removed. Height was measured to the nearest 0.1 cm (with shoes and socks removed) using a stadiometer. Body mass index (BMI) was calculated as kilograms of weight per square metre of height. Waist 9 to hip ratio (WHR) was calculated by dividing waist by hip circumference measured to the nearest 0.1cm.
Skin-fold measurements were taken during the CDAH study by technicians, who were trained in accordance with the international standards of anthropometric assessment. They used anatomical landmarks to locate and measure skinfolds at tricep, bicep, subscapular and subiliac regions to the nearest 0.1 mm, using Slim
Guide Calipers (SPRI Products, Libertyville, IL). Estimate of percent body fat was derived from the sum of skinfolds according to published equations for adults (15) and lean body mass (LBM) and fat mass was calculated using weight (kg) (LBM = weight -((fat% × weight)/100)).
Hormone measurements
Blood samples (32 ml) were collected from the participants after an overnight fast in CDAH study. Total testosterone concentrations in female participants not on oral contraceptives were estimated by radioimmunoassay (RIA) developed by Repromed Laboratory (Dulwich, South Australia), which is sensitive for lower levels of testosterone down to 347 pmol/L. Sex hormone binding globulin (SHBG) was measured using a non-competitive liquid-phase immunoradiometric assay (SHBG-IRMA kit, Orion Diagnostica, Espoo, Finland). For testosterone, the intra-and interassay coefficients of variation (CVs) were 6% and 15%, respectively. For SHBG, the inter-and intra-assay CVs were 8.6% and 15.4%, respectively (16). Free androgen index (FAI), the active testosterone in the blood, was calculated as: testosterone 
CRP and fibrinogen
MRI measurements
Participants had an MRI scan of their dominant knee in the CDAH Knee Cartilage study. MRI scans were obtained from two hospitals, which used the same type of 
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coefficients of variation (CVs) for cartilage volume measures were 2.1-2.6% (18). We used total tibial cartilage volume (calculated as the sum of medial and lateral tibial cartilage volume) for analysis because the predictor measures were of systemic (not local) in nature and should have similar effect on both medial and lateral compartment.
The bone area of medial and lateral tibial plateau was measured manually using the T1-weighted 3D MRI. Images were reformatted to axial plane and the average area of the three MR images closest to tibial cartilage in the axial plane was measured (18-20). The CVs for these measures were 2.2-2.6% (18). Total tibial bone area was calculated as the sum of medial and lateral area.
Ten volunteers had MRI scans performed at both hospitals' MRI machines to determine the variation between machines. Bland-Altman plots were used to examine the observed difference between these machines and this difference was dependent on the magnitude of the reading. Based on these 10 volunteers, we calculated the correction equations for cartilage volume and bone area using the slope and intercept from a linear regression model where the result from one machine was regressed on the result from another machine.
Statistical analyses
T-tests or chi-squared tests were used to assess the differences in continuous and categorical measures respectively between groups of subjects based on gender. Linear regression analyses were employed to examine the relationships of body composition, hormonal and inflammatory factors with adult tibial cartilage volume. Age at CDAH study, gender, duration of follow-up to CDAH Knee Cartilage study, BMI at CDAH 
Arthritis Care & Research
Knee Cartilage study, knee injury and tibial bone area were examined as potential confounders. Interactions between sex and predictor variables on tibial cartilage volume were examined. The mediating effect of different predictors in the association of sex with cartilage volume were explored by adding each predictor one by one to the regression models and noting the changes in beta coefficient and R
2
. All statistical analyses were performed on SPSS 19 for Mac (SPSS Inc., Chicago, USA).
Results
Characteristics of the subjects
A sample of 328 subjects were included in the analysis. Characteristics of the demographic and study factors of the participants based on gender are presented in Table 1 . Males had higher tibial cartilage volume and BMI than females at the time of MRI. BMI, LBM, LBM percentage and WHR measured 5 years prior were higher in males compared to females. Conversely, fat mass, fat mass percentage and inflammatory markers including CRP and fibrinogen were lower in males than females. Subjects did not differ in terms of age or duration of follow-up between males and females.
Obesity measures and tibial cartilage volume
BMI at the time of MRI as well as 5 years prior were not associated with total tibial cartilage volume (Table 2) ; however, fat mass (Figure 1a ), fat mass percentage and WHR were negatively associated with tibial cartilage volume after adjustment for age, gender, duration of follow-up, injury and tibial bone size (Table 2 ). In contrast, lean body mass ( Figure 1b ) and percentage lean body mass were positively associated Table 2 ). There were no significant interactions between sex and obesity measures (except for WHR, p=0.062) on tibial cartilage volume.
Hormonal factors and tibial cartilage volume
SHBG measured in 50% of female subjects (n=78) 5 years prior was positively associated with total tibial cartilage volume in univariable and multivariable analysis (Table 3) . Conversely, testosterone in 50% of females (n=78) showed a negative trend, but was not significantly, associated with tibial cartilage volume ( Table 3) . FAI was negatively associated with lateral tibial cartilage volume (β: -0.04 mm 3 , 95% CI:
-0.07, 0.00) and its association with total tibial cartilage volume was of borderline significance (p=0.053) ( Table 3 ). All these association remained after further adjustment for fat mass.
Inflammatory factors and tibial cartilage volume
Fibrinogen measured 5 years prior was negatively associated with total tibial cartilage volume in univariable and multivariable analysis after adjustment for age, gender, BMI, duration, injury and tibial bone size (Table 4) . CRP showed a negative trend associated with tibial cartilage volume, but this association did not reach the statistical significance in both univariable and multivariable analyses ( Table 4 ). The significant association between fibrinogen and cartilage volume was only observed in males, but there were no interactions between sex and inflammatory markers on cartilage volume at p=0.1 level. The association of fibrinogen with cartilage volume became of borderline significance (16% reduction in the effect size) after further adjustment for fat mass (p=0.064). decreased by 38% and became non-significant after further adjustment for LBM, and decreased by 20% but remained significant after further adjustment for total fat mass (Table 5 ). Both lean mass and fat mass explained almost all residual sex difference in tibial cartilage volume with sex explaining only 0.5% variation in tibial cartilage volume ( Table 5 ). The magnitude of sex difference in tibial cartilage volume remained largely unchanged after adjustment for waist hip ratio or CRP (8% reduction), but decreased by 37% after adjustment for fibrinogen and the association became non significant (Table 5) .
Sex difference in tibial cartilage volume
Discussion
To our knowledge, this is the first study to describe the factors associated with knee cartilage volume in young adults and to examine if these factors contribute to sex difference in tibial cartilage volume. We found that the lean mass was positively associated with tibial cartilage volume and explained 38% of the sex difference in tibial cartilage volume independent of other confounders. Conversely, fat mass, waist hip ratio and fibrinogen were negatively associated with tibial cartilage volume, and fat mass or fibrinogen explained significant part (20% and 37%, respectively) of sex In a young adult without OA, tibial cartilage volume is a measure of knee joint health.
We have evidence to show that knee cartilage volume loss mainly starts (>2% per annum) at the age of 40 (21) and there was no significant difference in the loss of tibial cartilage volume between men and women before the age of 40 (22) . Subjects in our study were of mean age 36 and predominantly healthy and are expected to remain at the "peak" cartilage volume of their lifetime. Therefore, we speculated that, similar as peak bone mass that is a strong predictor of future risk of osteoporosis in older people (23), "peak" cartilage volume in younger adults should be protective against the development of OA in later life. Above all, studies have found that increased knee cartilage volume is associated with reduced knee radiographic OA (18, 24), cartilage defects (24) and symptoms (25) . This suggests that understanding factors associated with "peak" knee cartilage volume in younger adults may be important in order to prevent the development of knee OA in later life.
Longitudinal studies have shown that BMI is associated with an increase in knee cartilage defects in healthy subjects (20) ; however, the association of BMI with knee cartilage volume is controversial. Most of the studies failed to demonstrate an association of BMI with cartilage volume in osteoarthritic (26) or healthy knees (27, 28) although a few found that BMI was negatively associated with cartilage volume (5). We reported that BMI was associated with knee cartilage loss only in people within the highest tertile of baseline knee cartilage volume (7) . These inconsistencies may be due to the inability of BMI to differentiate lean mass from fat mass. In this However, this finding cannot completely be explained by body size, as we included body size in the model. Alternatively, this relationship may reflect common lifestyle or environmental factors such as physical activity, which similarly affect both cartilage and muscle (31) . It is also possible that muscle contributes to greater joint stability and even load distribution, which may in turn produce an optimal biomechanical environment that confers beneficial effects on cartilage (6).
The associations of sex hormones with knee OA are controversial. Cicuttini et al reported that the serum free testosterone level was positively associated with tibial cartilage volume in a cross-sectional study in healthy men; (5) however, serum free testosterone was associated with an increased rate of cartilage loss in its follow-up study (32) . We found that in females who were not taking oral contraceptives, testosterone measured 5 years prior was negatively but non-significantly associated with tibial cartilage volume. FAI, the active form of testosterone, was significantly A higher level of SHBG in women may reflect a higher estrogen levels or a lower androgen excess, glucocorticoid excess, or insulin resistance (33) . SHBG is more stable compared to sex hormones and there is an emerging recognition that low levels of SHBG are associated with increased proinflammatory states associated with insulin resistance, and low SHBG can be an indicator of low-grade inflammation associated with the metabolic syndrome in obese individuals (34) . It is possible that lower levels of SHBG leads to a decreased cartilage volume through low-grade inflammation. We did not have estrogen measured in this sample, but found that SHBG was positively associated with tibial cartilage volume. A similar study reported a positive association between SHBG and patella bone volume, although they found no associations with the tibial and patellar cartilage volume (11) . A potential physiological explanation of our findings is that SHBG is behaving as a surrogate marker for global estrogen exposure (11) and estrogen may be positively associated with the knee cartilage volume. Animal studies showed a protective effect of estrogen on cartilage and this effect was mostly seen in females (14) . This is supported by a clinical study, which reported that post-menopausal women using long-term estrogen replacement therapy (ERT) had more knee cartilage than controls (35) .
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Inflammatory markers such as high-sensitivity CRP is independently and negatively associated with tibial cartilage volume in healthy women at mid-life suggesting that subclinical inflammation may predispose to knee tibial cartilage loss (9) . We have reported that inflammatory cytokines including IL-6 and TNF alpha are associated with the cartilage loss; (10, 36) however, the association of fibrinogen with cartilage volume is unexplored. Fibrinogen, apart from its clotting function, functions as a messenger molecule that coordinates and regulates the inflammatory response; it is an acute phase protein and can be used as an inflammatory marker (37) . Fibrinogen was reduced after the weight loss in patients with knee OA although it didn't correlate with the symptom reduction (38) . Similarly, fibrinogen levels were reduced after supplementation of calcium fructoborate in knee OA patients (39) . We found that fibrinogen measured 5 years prior was negatively associated with tibial cartilage volume, but there was no significant association between CRP and tibial cartilage volume in younger adults, suggesting that specific types of inflammation are associated with reduced "peak" knee cartilage volume in young adults. There was no gender difference in terms of the direction of association of fibrinogen with tibial cartilage volume (no significant interaction between sex and fibrinogen on tibial cartilage volume). However, the association was only significant in males, and this may be due to slightly higher sample size and variability in cartilage volume in males.
The association of fibrinogen and cartilage volume became of borderline significance after including fat mass in the model indicating that this association is in part 
It is well established that there is a sex difference in knee cartilage volume, but the factors that contribute to this difference are not clear. We found that in these younger adults, sex explained almost 39% of the variation in tibial cartilage volume. After adjustment for the covariates including body and bone size, sex only explained about 2.2% of the variation in tibial cartilage volume though this was still significant. In contrast, lean mass and fat mass together explained almost all of the sex difference in tibial cartilage volume. Lean mass is the most important feature of body composition mediating this sex difference in cartilage volume (38% reduction in cartilage volume after adjustment for LBM). CRP had a small effect on the coefficient (8% reduction) of sex difference in cartilage volume; however, fibrinogen reduced the effect size of the sex difference by 37% and sex only explained 0.9% of the variation in tibial cartilage volume after adjustment for fibrinogen. Our study is the first to report that body composition and fibrinogen contribute to sex difference in knee cartilage volume.
A strength of our study was the use of a large representative sample with MRI to measure the tibial cartilage volume within a cohort study. This study had several potential limitations. First, the response rate was moderate with 43% of the participants having an MRI scan. Reassuringly, there were no significant differences in age, sex, BMI, and knee injury between those with and without MRI scans, or between subjects included in this study and the remainder of the original cohort, which suggests there was not major selection bias introduced. Second, fat mass and lean mass were calculated from skinfolds and may not be as accurate as dual-energy X-ray absorptiometry (DXA) measurement. However, the two correlate highly. Third, we measured sex hormones only in women who were not taking oral contraceptives and did not measure sex hormones in males and therefore were unable to examine if (21) . Similarly, we did not measure the predictor measures such as fibrinogen, CRP and sex hormones at the time of MRI. Fifth, the participants in our study were of 31-41 years old and we speculated them to remain the "peak" cartilage volume of their life time which might protect them from developing knee OA (17); however, there is no direct evidence so far to show when the maximum cartilage volume of a person is attained and there is no longitudinal evidence to suggest that the "peak" cartilage volume will protect from developing knee OA in later life. Last, the MRI sequence we used in this study was unable to differentiate cartilage swelling from normal cartilage volume; however, participants in our group were from general young adult population and mostly healthy.
In conclusion, factors including body composition, sex hormones and fibrinogen correlate with knee cartilage volume in young adult life. In addition, the sex difference in knee cartilage volume is contributed largely by variations in body composition and/or fibrinogen. 
